Pneumoconiosis is the most serious occupational disease in China and its leading cause is occupational silica exposure. Pneumoconiosis takes several years to develop depending on the exposure level of silica. However, individual variation in the susceptibility to pneumoconiosis has been observed among the subjects with similar exposure. We conducted a genome-wide screening with 710 999 single nucleotide polymorphisms (SNPs) in a cohort of 400 coal workers (202 cases and 198 exposed controls) for pneumoconiosis susceptible loci. Seven promising variants were evaluated in an independent cohort of 568 coal workers (323 cases and 245 exposed controls), followed by a second replication on 463 iron ore workers (167 cases and 296 exposed controls). By pooling all of the genome-wide association studies and replication stages together, we found a genome-wide significant (P < 5.0 3 10 28 ) association for rs73329476 (P 5 1.74 3 10 28 , OR 5 2.17, 95% CI 5 1.66 -2.85) and two additional replicated associations for rs4320486 (P < 0.05) and rs117626015 (P < 0.05) with combined P-values of 4.29 3 10 26 and 5.05 3 10 26
INTRODUCTION
Pneumoconiosis is the most serious occupational disease in China. In 2012, 88.28% of the reported cases were attributed to pneumoconiosis and of these, over 50% are directly related to underground mining (1) . Underground mining has mixed exposures, such as silica, metal or coal (carbon) dust generated during tunnel drilling, mining, roof bolting and transportation. Therefore, most cases of coal workers' pneumoconiosis (CWP) and iron ore workers' pneumoconiosis (IWP) are accompanied by silicosis. It has been reported that silica dust exposure is the leading cause of preventable pneumoconiosis (2, 3) . However, in China, .23 million workers are still exposed in their occupational settings (4) . Recently, a large prospective cohort study showed † These authors contributed equally to this work. ‡ These authors contributed equally. * To whom correspondence should be addressed at: Department of Epidemiology and Biostatistics and Ministry of Education (MOE) Key Lab for Modern Toxicology, School of Public Health, Nanjing Medical University, No. 818 East Tianyuan Road, Nanjing 211166, China. Tel: +86-25-8686-8439; Fax: +86-25-8686-8439; Email: hbshen@njmu.edu.cn that long-term silica dust exposure is associated with increased mortality, including deaths from respiratory diseases, cardiovascular diseases and lung cancer (4) .
Occupational exposure of silica dust is the major etiological factor of pneumoconiosis; however, individual variation in the susceptibility to pneumoconiosis was observed among the workers with similar exposure at a given time (5) . The past several years have witnessed an explosion of the associations between single nucleotide polymorphisms (SNP) and pneumoconiosis (6) (7) (8) (9) . However, for the majority of these studies using candidate gene approaches, the sample sizes were limited and the exposure information was not well controlled between cases and controls, which may lead to inconsistent results.
Recently, genome-wide association studies (GWAS) designed by multi-stage replications and high-throughput genotyping technology have been widely accepted as an effective way to identify susceptibility loci associated with various complex diseases or traits (10) . To systematically explore genetic variants associated with susceptibility to pneumoconiosis, we conducted a GWAS of pneumoconiosis in Han Chinese workers by genotyping 900 015 SNPs in 205 pneumoconiosis cases and 203 controls with similar exposure levels using IlluminaOmniExpressZhonghua chips, and further evaluated suggestive associations involving pneumoconiosis risk by a two-stage replication with a total of 490 pneumoconiosis cases and 541 controls with similar exposure levels in the Han Chinese populations. Demographic and clinical information of the subjects are summarized in Table 1 . Notably, an m: n matched case-control design for each stage based on cumulative dust exposure (CDE) and age at first dust exposure (AFDE) was carried out in our study (11, 12) . Detailed information is summarized in Materials and Methods.
RESULTS
After quality control (QC) procedures to filter qualified samples and SNPs (Supplementary Material, Fig. S1 ), 202 cases and 198 controls with 710 999 autosomal SNPs were retained for subsequent association analyses. In the GWAS scan, P-values presented in the scatter plot of Figure 1 are derived from the additive model in the conditional logistic regression model (CLRM) (full set of genome-wide summary association statistics for Table 1 . Characteristics of the subjects in this study Figure S3 . We determined promising SNPs associated with risk of pneumoconiosis based on P , 1 × 10 24 in the additive model from the GWAS scan. Seven SNPs were selected to be further evaluated in the first stage of replication (Replication I) including 323 CWP cases and 245 exposed controls (Table 2 and Supplementary Material, Table S1 ). Although the SNP rs6660355 also met the significance threshold, it was excluded from further analysis as it was in strong linkage disequilibrium (LD) with the selected SNP rs9970018 (Supplementary Material, Table S2 ). The results of the 7 SNPs had P , 1 × 10 24 in the GWAS scan and the first-stage replications are shown in Table 2 and Supplementary Material, Table S1 . Among these 7 SNPs, 3 SNPs at 7q31.1 (rs4320486), 12q12 (rs117626015) and 12q15 (rs73329476) were successfully replicated in the firststage replication (P ¼ 3. 
26
, respectively (Table 2 ). In addition, we observed similar association patterns of the three SNPs in subpopulations stratified by CDE, smoking status and stage classifications (Supplementary Material, Table S3 ).
In view of the modest or small effect of each individual locus, we put the above three SNPs together to assess the joint effect based on the replication stages. We found that the more unfavorable alleles the subjects carried, the higher risk of developing pneumoconiosis they have, suggesting a allele-dosage effect (P trend ¼ 2.13 × 10
; Table S4 ).
In combined data sets of all 692 CWP and IWP cases, the protective allele of rs4320486 was also significantly associated with slower disease progression (HR ¼ 0.76, 95% CI ¼ 0.65 -0.89, P ¼ 7.68 × 10
24
, Supplementary Material, Table S5 ). The Kaplan -Meier plot shows that patients with the rs4320486 heterozygous CT genotype or the homozygous TT genotype had a median progression time (MPT) of 35.87 years, whereas the MPT was shortened to 32.98 years in those with the wild-type homozygote CC (Supplementary Material, Fig. S4 ). However, the other two SNPs (rs73329476 and rs117626015) were not significantly associated with disease progression (Supplementary Material, Table S5 ).
To characterize the functional relevance of the genome-wide significant SNP rs73329476, we further evaluated the relationship of this variant with the expression levels of three surrounding genes (CPM, MDM2 and CPSF6). We examined CPM, MDM2 and CPSF6 mRNA expression levels in total cellular RNA from whole blood of 156 healthy individuals using quantitative RT -PCR, and observed that the relative expression of CPM was significantly lower in subjects with T allele of (Fig. 2) . However, nonsignificant results were observed for MDM2 (P ¼ 0.5312) and
Using imputation analyses based on the 1000 Genomes Project (Phase I integrated variant set, v3, October 2012), we tested the associations of the SNPs around all three regions and found 183 SNPs showing association (P , 1.0 × 10
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) with pneumoconiosis (Supplementary Material, Table S6 ). We also observed a series of significant signals surrounding the three marker SNPs in a 500 kb window (Fig. 3) .
As presented in Supplementary Material, Table S7 , three pathways were significant (FDR ≤ 0.1 and FWER ≤ 0.2) associated with pneumoconiosis risk in BioCarta database, including crebPathway (FDR ¼ 0.092 and FWER ¼ 0.080), mPRPathway (FDR ¼ 0.067 and FWER ¼ 0.110) and dreampathway (FDR ¼ 0.070 and FWER ¼ 0.167). However, in KEGG and GO databases, no pathways were identified. Association results of representative SNPs at P , 0.05 for genes in three identified pathways were shown in Supplementary Material, Table S8 .
DISCUSSION
CWP and IWP, which have some similar clinical patterns, result from the inhalation of mixed dust that usually contains free crystalline silica (13) . Several factors such as dust concentration, years of exposure may affect the risk of developing pneumoconiosis (14) . This study attempted, for the first time, to systematically evaluate genetic variants that were associated with pneumoconiosis susceptibility and identified a genome-wide significant (P , 5.0 × 10
28
) association for rs73329476 and two additional replicated associations for rs4320486 (P , 0.05) and rs117626015 (P , 0.05) that were significantly associated with pneumoconiosis in Han Chinese. These findings may provide new insights into the pathogenesis of pneumoconiosis, and may also have some clinical utility for risk prediction for pneumoconiosis and high-risk population screening for workers with occupational silica exposure.
The SNP rs73329476 at 12q15 is between three genes: carboxypeptidase M (CPM, 180kb upstream), murine double minute 2 (MDM2, 265 kb downstream) and cleavage and polyadenylation specific factor 6 (CPSF6, 125 kb upstream) (Fig. 3A) . CPM is an extracellular peptidase attached to the outer membrane by a glycosyl-phosphatidylinositol (GPI) anchor (15) . CPM is highly expressed in the lung, especially on the plasma membrane of alveolar type I cells (16) , and the activity of which was much higher in the lung than that found in other tissues (17) . The high CPM activity may stem from its induction and release in acute lung disease (16) . Importantly, CPM is associated with monocyte to macrophage differentiation and regarded as a marker of macrophage maturation, indicating it may be important in inflammatory responses (18, 19) . Correlation analysis results indicate that rs73329476 may be associated with the expression of CPM, subjects carrying the risk CT and TT genotypes at rs73329476 had lower mRNA expression level of CPM as compared with those carrying CC genotype (P ¼ 0.0252) (Fig. 2) . As expected, it is biologically plausible that the T risk allele at rs73329476 may result in lower expression of CPM, hence activating the crucial signaling pathways that drive lung fibrosis. However, these results are very preliminary and merit further experimental investigations.
MDM2 is a target gene of the transcription factor tumor protein p53. It has been reported that the attenuation of p53-Mdm2 conjugation may be involved in the epithelial cell apoptosis seen in idiopathic pulmonary fibrosis (20) . Recent evidence showed that p53-regulated death pathway activated by oxidative stress play an important role in the pathobiology of asbestosis, which is pulmonary fibrosis resulting from asbestos exposure (21) . Furthermore, the mRNA expression levels of p53 and mdm-2 were increased in mice after exposure to MeHgCl and lung tissue sections of MeHgCl-treated mice showed pathological fibrosis as compared with vehicle control (22) . For CPSF6, the protein encoded by which is one subunit of a cleavage factor that required for 3' RNA cleavage and polyadenylation processing (23) . CPSF6 was reported to involve in the evasion of innate immune sensors and induction of a cell-autonomous innate immune response in primary human macrophages (24) . We also applied the publicly available data from GTEx (Genotype-Tissue Expression) eQTL (Expression quantitative trait loci) Browser, eQTL.Chicago.edu and Gene Expression Analysis to perform cis-eQTL analysis and evaluated the relationship between rs73329476 and the expression of nearby genes in a variety of cells/tissues. The GTEx project revealed that rs73329476 was a cis-eQTL of MDM2. Meanwhile, the SNP rs61928707, which is in strong LD with rs73329476 (r 2 ¼ 0.92), was also significantly associated with the mRNA expression level of MDM2. However, we did not found significant cis-eQTL for CPM and CPSF6 in any of the three open data sets, although our eQTL data showed that the T allele for rs73329476 was associated with lower mRNA expression of CPM. Since the GTEx project as well as the other two was performed mainly in Caucasians, the difference may due to genetic heterogeneity between different ethnics. Nevertheless, further eQTL analyses in lung tissues are required to evaluate the relationship between rs73329476 and CPM, MDM2 or CPSF6 expression levels because eQTL are usually tissue/cell specific (25) .
The SNP rs4320486 at 7q31.1 is located 150 bp upstream of laminin, beta 1 (LAMB1) (Fig. 3B) . Laminin-1 is critical for basement membrane organization and each of the laminin-1 a, b and g chains is expressed by epithelial and mesenchymal cells during lung development (26) . Furthermore, a significantly increased expression of the laminin and laminin-1 receptor was demonstrated in the lungs of mice with chronic allergen-induced airway remodeling, and the increased airway laminin expression may lead to lung fibrosis and deterioration in respiratory function (26) (27) (28) .
The SNP rs117626015 at 12q12 is located at intron 3 of PDZ domain containing ring finger 4 (PDZRN4) and 160 kb downstream of contactin-1(CNTN1) (Fig. 3C) . PDZRN4 belongs to the LNX (PDZRN) family, which is implicated in cell fate determination through the inhibition of the Notch signaling (29) . CNTN1, a member of the immunoglobulin superfamily, is a GPI-anchored neuronal membrane protein that functions as a cell adhesion molecule and acts as a ligand for the Notch signaling (30) . Coincidently, both of PDZRN4 and CNTN1 play an important role in the Notch signaling, which may regulate lung development as well as pathological conditions of the lung, such as chronic obstructive pulmonary disease, fibrosis and lung cancer (31, 32) . In addition, the PDZRN4 region was speculated to be associated with multiple sclerosis (33) . Recently, a GWAS on Caucasian population was published using a discovery scan of 1616 patients with fibrotic idiopathic interstitial pneumonias (IIPs) and 4683 controls, with follow-up replication analyses in 876 cases and 1890 controls. They confirmed associations with variants in TERT at 5p15, MUC5B at 11p15 and the 3q26 region near TERC, and identified seven newly associated loci including FAM13A (4q22), DSP (6p24), OBFC1 (10q24), ATP11A (13q34), DPP9 (19p13), chromosomal regions 7q22 and 15q14-15 for IIPs (34) . Considering that pneumoconiosis shares common characteristics with IIPs, we evaluated whether these IIPs related SNPs were also associated with pneumoconiosis. Among the 11 reported SNPs for IIPs, 7 SNPs were included in our original GWAS data set, and the marker SNPs for FAM13A (4q22) and ATP11A (13q34) were also associated with CWP at P , 0.05 (rs2609255 for FAM13A: OR ¼ 1.40, P ¼ 0.031; rs1278769 for ATP11A: Table S9 ). Moreover, we investigated whether the identified SNPs of pneumoconiosis risk also affect lung function in healthy populations by querying the results from a large meta-analysis GWAS of lung function (35) . However, among the three SNPs, only rs4320486 was included in the data set, and the P-values were 0.73 and 0.82 for FEV1/FVC and FEV1, respectively.
Pathway-based approach that evaluates the cumulative contribution of the function-related genes may provide new insights into the biology of pneumoconiosis. In the current study, using BioCarta database, we identified three pathways (crebPathway, mPRPathway and dreampathway) that may play an important role in the development of pneumoconiosis in Han Chinese population. For the crebPathway (transcription factor CREB and its extracellular signals), it is reported that the cAMP response element-binding protein (CREB) signaling pathway, in particular the phosphorylation of CREB, is altered in pulmonary fibrosis (36) . In addition, recent evidences suggest an important role for the CREB-binding protein signaling in the development of human fibrotic lung disease (37) (38) (39) . In the dreampathway (Repression of Pain Sensation by the Transcriptional Regulator DREAM), DREAM (DRE-antagonist modulator) is a Ca 2+ -regulated transcriptional repressor (40) and plays an important role in human Calcitonin gene expression (41) . Calcitonin gene-related peptide (CGRP) is associated with fibrosis in the lung of male Wistar rats exposed to dusts (42) , while degradation of CGRP may promote the transition from lung inflammation to fibrosis (43) . For the mPRPathway (How Progesterone Initiates Oocyte Membrane), progesterone binds to its intracellular receptor, which induces activation of the MAPK signaling pathway (44) , hence associated with the promotion of pulmonary fibrosis (45) (46) (47) .
In the current study, we observed a significant joint effect of the three loci on the pneumoconiosis risk when counting the number of risk alleles. Considering the effect of winner's curse bias in the discovery stage might overestimate the joint effect, the joint effect of the three SNPs was calculated only based on the replication stages. Besides, since using the most common group as a reference would make the results more meaningful (48), we also calculated joint effect of the three SNPs using '2' as a reference group and found that, as expected, those with '0 -1' risk alleles had a decreased risk while those with more than two risk alleles showed higher risk. In addition, a weighted risk score was further calculated to analyze the joint effect of the three SNPs, which may be more accurate for joint effect estimation than that of risk allele counting especially for numerous loci with differential effects.
There are several strengths in the present study. First, this is the first relatively large GWAS of occupational disease, and successfully identified a genome-wide significant (P , 5.0 × 10 28 ) association and two additional replicated (P , 0.05) associations for pneumoconiosis susceptibility. Second, the pneumoconiosis cases and controls in each study stage were matched with occupational silica exposure levels, which are major determinants in pneumoconiosis pathogenesis. However, several limitations of our study also need to be addressed. First, considering the potential difference of pathogenesis of pneumoconiosis between coal workers and iron ore workers, homogeneity might be limited, since we used iron ore workers for the second-stage replication, although three loci identified from CWP were successfully validated by IWP. Second, the sample size may still limit the statistical power of the study. Further studies are warranted to validate and extend our findings, and to re-sequence the identified regions and to evaluate the potential functional significance of the loci.
MATERIALS AND METHODS

Study design
A three-stage case-control study was designed to evaluate the associations between genetic variants across human genome and the risk of pneumoconiosis. For the three stages, all the roentgenologic diagnosed pneumoconiosis cases were included from three independent cohorts of underground miners. The controls were also the underground miners with similar exposure level (e.g. age and years) as the cases.
With an effort to control the exposure level between cases and controls and improve the statistical power and study efficiency, we carried out an m: n matched case -control design for each stage based on CDE and AFDE (11) . In principle, a case in each stage was generally matched to an exposed control with the most similar CDE and AFDE. In our study, we tried to retain all cases to evaluate the association between genetic variants and the susceptibility of developing pneumoconiosis. In particular, when there were no more desirable controls left in each cohort for a case to form new-matched risk set, then the cases were matched to a control in the matched risk set that was already generated. According to methods described by Hosmer and Lemeshow (12) , there were no more than four cases or controls in each matched case-control set and the subjects were not overlapped between any two case -control sets.
Study populations
The GWAS stage contains 205 CWP cases and 203 exposed controls, which were recruited from four coal mines of Datun Mining Business Group Co., Ltd from 2006 to 2012 in Jiangsu, China. The first replication (Replication I) includes independent 323 CWP cases and 245 exposed controls, which were recruited from five coal mines of Xuzhou Mining Business Group Co., Ltd from 2006 to 2012 in Jiangsu, China. The second replication (Replication II) samples are consisted of 167 IWP cases and 296 exposed controls, which were recruited from two iron mines from 1960 to 2003 in Hubei, China. All these subjects
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were underground coal or iron ore miners with occupational silica exposure and were unrelated ethnic Han Chinese who was used in previously published association studies (6, 7) . In fact, of all the coal workers in our study, 82.13% worked at mine face and excavation face. During 2003 and 2008, we monitored the silica exposure level in Xuzhou Mining Business Group Co., Ltd and found that individuals at mine face and excavation face were exposed to silica in all monitoring sites (49) . All subjects provided written informed consent, and the institutional review boards of each participating institution approved this collaborative study. The subjects exposed to silica dust received routine health surveillance including physical examination and chest radiograph every 2 years, even after cessation of dust exposure. The cases were diagnosed as stage I, stage II or stage III pneumoconiosis according to the size, profusion and distribution range of opacities on chest X-ray by three national certified occupational physicians based on the China National Diagnostic Criteria for Pneumoconiosis (GBZ 70-2002) , which is similar to the 1980 International Labor Organization on the classification of pneumoconiosis in the judgment of opacity profusion (50). In addition, it is worth mentioning that tuberculosis could contribute to some of the radiographic abnormalities that we have observed. In our study, the diagnoses of pneumoconiosis were made based on continuous chest X-rays for several years. Moreover, the chest X-rays of each case were further assessed by two independent physicians again and the cases with active tuberculosis were excluded. Therefore, the possibility of radiographic changes of tuberculosis can be minimized in this study.
We collected information about smoking habits through interviews. Those who had smoked an average of less than one cigarette per day and ,1 year in their lifetime were defined as non-smokers; otherwise, they were considered as smokers.
Occupational exposure data
The dust concentrations were measured monthly and calculated for each calendar year as recorded in historical industrial monitoring records. Meanwhile, duration of employment and job type for each subject was taken from personal employment records. We calculated the CDE for each underground employee from the starting date of dust-exposed work until the time of pneumoconiosis diagnosis or ending with dust-exposure as described previously (4) .
Quality control in GWAS
The GWAS scan was conducted in 205 cases and 203 exposed controls using IlluminaOmniExpressZhonghua chips with 900 015 SNPs. Before the association tests, we conducted a systematic QC procedure on the raw genotyping data to filter out both unqualified samples and SNPs (Supplementary Material,  Fig. S1 ). One sample with overall genotype completion rates ,95% was excluded. Additional four probable relatives were excluded based on pairwise identity by state according to their PI_HAT value in PLINK (all PI_HAT . 
SNP selection and genotyping in the replication study
After genome-wide association analyses, we selected SNPs for the first-stage replication based on the following criteria: (i) SNPs had P , 1 × 10 24 for GWAS samples; (ii) they had clear genotyping clusters; (iii) only the SNP with the lowest P-value was selected when multiple SNPs were observed in a strong LD (r 2 ≥ 0.8). As results, a total of eight SNPs satisfied the criteria (i) and (ii), and seven SNPs survived according to criterion (iii). Therefore, we genotyped these seven SNPs in the first-replication stage (Table 2 and Supplementary Material,  Table S1 ). Although the SNP rs6660355 also met the significance threshold, it was excluded from further analysis as it was in strong LD with the selected SNP rs9970018 (Supplementary Material, Table S2 ). The SNPs showed significant associations with pneumoconiosis risk with P , 0.05 in the first-stage replication were selected for the second replication stage.
Genotyping analysis in the first-stage replication was performed using the iPLEX Sequenom MassARRAY platform (Sequenom, Inc). A TaqMan allelic discrimination assay (Applied Biosystems, Inc.) was used for the second-stage replication. A series of methods were used to control the quality of genotyping: (i) case and control samples were mixed on each plate; (ii) genotyping was performed without knowing case or control status; (iii) two water controls were used in each plate as blank controls; (iv) 10% of the samples were randomly selected to repeat the genotyping as blind duplicates, and the reproducibility was 100%.
Statistical analysis
Genome-wide association analysis was performed using CLRM in an additive genetic model with covariate adjustment based on the matched study design. We used PLINK 1.07 for general statistical analysis. Population structure was evaluated by the principal component analysis in the software package EIGEN-STRAT 4.2 (51) . The Manhattan plot of 2log 10 P was generated using R 2.15.1. Ungenotyped SNPs were imputed in the GWAS discovery samples using Shapeit 1.0 (phasing step), IMPUTE2 (imputation step) and the haplotype information from the 1000 Genomes Project (the Phase I integrated variant set across all 1092 individuals, v3, Oct 2012). The regional plot was generated using an online tool, LocusZoom 1.1. Principal component analysis revealed two significant (P , 0.05) eigenvectors when they were further included in the CLRM with other covariate of smoking status. For the GWAS scan, ORs and 95% CIs were estimated for each SNP from CLRM adjusted for smoking status and eigenvectors. For the combined association analyses of the -based Cochran's Q statistic was calculated to test for heterogeneity between groups in a stratified analysis. Overall progression time for each case was defined as the duration from AFDE to the time of pneumoconiosis diagnosis. The hazard ratios (HRs) and 95% CIs were acquired from a multivariate Cox regression model adjusted for AFDE, CDE and smoking status. The Kaplan -Meier survivor function graph was plot using Stata version 9.2 (StataCorp LP, TX, USA). Joint effect was calculated based on a combination of the risk alleles. For any SNP, subjects carrying two risk alleles were coded as 2, while those carrying one or no risk alleles were coded as 1 or 0, respectively. The total risk alleles for each subject were further calculated by combining risk alleles for the three SNPs (T allele of rs73329476, C allele of rs4320486 and C allele of rs117626015). Joint effect of the three loci was estimated using CLRM with individuals carrying '0-1' risk allele or '2' risk alleles as reference groups. The weighted risk score for each individual was calculated using the
Y, a, b and c denote the risk score, rs73329476, rs4320486 and rs117626015, respectively, and b a , b b and b c are the reported ORs of the corresponding SNPs. Differences in expression between the rs73329476 CC, CT and TT genotypes were assessed by a Wilcoxon-signed rank test. The P-value was two sided, and the OR used in the manuscript was based on an additive model using CLRM, if not specified otherwise.
Pathway analysis
We collected pathways from three public resources: Kyoto Encyclopedia of Genes and Genomes (KEGG), BioCarta and Gene Ontology (GO) database. Pathways containing genes between 10 and 200 were included in this study. SNPs were assigned to a gene if they located within 50 kb downstream or upstream of the gene. Of the total 710 999 genotyped SNPs, 499 250 SNPs were mapped into 23 487 genes within 50 kb upstream or downstream. Among them, 134 535 SNPs were ultimately assigned to 4592 genes within the pre-defined pathways (84 551 SNPs to 2919 genes in KEGG pathways, 299 10 SNPs to 985 genes in BioCarta pathways and 73 619 SNPs to 2491 genes in GO pathways). All genes were assigned to pathways containing 10-200 genes (178 pathways used in KEGG database, 191 pathways used in BioCarta database and 418 pathways used in GO database) in following pathway analysis. We then used the gene set enrichment analysis (GSEA) to perform pathway analysis. Briefly, three steps are used for pathway analysis in GSEA. First, individual -SNP association analysis was conducted to determine the effect for each SNP. Second, the representative SNP with the lowest P-value was mapped to each gene, and all genes were assigned to pre-defined biological pathways. Finally, the association between pneumoconiosis risk and each pathway was evaluated by the GenGen software using the weighted Kolmogorov -Smirnov-like running sum statistic (denoted by enrichment score, ES), which reflected the overrepresentation of a cluster of genes within this pathway at the top of the entire ranked list of genes in the genome. We randomly shuffled the case-control status for 10 000 times, and repeated these above steps to get the permuted pathway association results. Thus, the normalized ES after adjusted for different sizes of genes could be acquired by the permutation procedure. The significance level of pathways analysis was set to be FDR ≤ 0.1 and FWER ≤ 0.2.
Quantitative reverse transcription polymerase chain reaction
Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was performed to determine the mRNA expressions of CPM, MDM2 and CPSF6. RNAs from whole blood of 156 healthy individuals were isolated with the QIAamp RNA Blood Mini Kit (QIAGEN). We used TaqMan gene expression probes (Applied Biosystems, Inc.) to perform the qRT-PCR assay. All real-time PCR reactions, including no-template controls and real-time minus controls, were run by using the ABI7900 RealTime PCR System (Applied Biosystems, Inc.) and performed in triplicate. b-Actin gene was used to normalize the expression levels. A relative expression was calculated using the equation 2 2DCt (Ct, Cycle Threshold), in which DCt = Ct gene − Ct b-actin .
